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Abstract 

The interplay between metals and A^-heterocyclic carbenes (NHCs) has provided a window of opportunities for the development of 
novel catalytic strategies within the past few years. The recent successful combination of Bronsted acids with NHCs has added a 
new dimension to the field of cooperative catalysis, enabling the stereoselective synthesis of functionalized pyrrolidin-2-ones as 
valuable scaffolds in heterocyclic chemistry. This Commentary will briefly highlight the concept of A'-heterocyclic carbene/ 
Bronsted acid cooperative catalysis as a new and powerful methodology in organic chemistry. 

Introduction 

Carbenes have been the topic of intensive research for more 
than 150 years, and they continue to attract considerable atten- 
tion from chemists to date. Whereas many attempts to isolate 
methylene or related compounds failed, Fischer provided the 
first preparation and characterization of a metal carbene com- 
plex in 1964 through nucleophilic attack of phenyllithium at 
tungsten hexacarbonyl followed by O-alkylation [1], and 
Arduengo described the preparation of the first free and stable 
A'-heterocyclic carbene 2 by deprotonation of the corres- 
ponding imidazolium salt 1 in 1991 (Scheme 1) [2]. Two years 
earlier, Bertrand had reported the synthesis of [bis(diisopropyl- 
amino)phosphino]trimethylsilylcarbene as the first isolated free 
carbene [3]. The isolation of stable NHCs and their successful 
applications as ligands for the preparation of various metal 



complexes encouraged many chemists to search intensively for 
new NHC ligands, and this has led to the establishment of a 
very fruitful research area in organic chemistry [4-10]. 
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Scheme 1 : Synthesis of the first free and stable W-heterocyclic 
carbene by Arduengo [2]. 
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A particularly interesting application comprises the use of 
"umpolung" reactions [11] (inversion of polarity) catalyzed by 
Af-heterocyclic carbenes, such as the benzoin condensation and 
the Stetter reaction. In these reactions, the NHC effects an 
"umpolung" of the normal carbonyl reactivity, and the electro- 
philic aldehyde carbon atom thus becomes nucleophilic and can 
attack a variety of clcctrophiles. The story of "umpolung" reac- 
tions of aldehydes started as long ago as 1832, and the prepar- 
ation of sterically hindered triazolium salts in 1996 provided a 
solid basis for highly stereoselective "umpolung" reactions 
utilizing NHCs [12]. In addition, conjugate "umpolung" relates 
to a process in which a,(3-unsaturated aldehydes 3 are trans- 
formed into d^-nucleophiles or homoenolate equivalents 4 
through addition of a nucleophilic catalyst across the aldehyde 
functionality (Scheme 2), a peculiar feature that has been used 
for the straightforward synthesis of y-butyrolactones through 
reaction with aromatic aldehydes [13,14]. 

In recent years, the concept of cooperative catalysis has 
emerged as a powerful technique for the highly selective syn- 
thesis of a variety of target structures. Although carbenes can 
act as ligands for metals, thus inhibiting the individual reactiv- 
ity of each component, recent studies have shown that in some 
cases combinations of metals (Lewis acids) and carbenes can be 
used as a novel catalytic system [15-17]. Moreover, this type of 
cooperation has been demonstrated to feature a unique reactiv- 
ity that is difficult to achieve by using one of both catalysts 
individually. The main challenge in that respect involves the 
search for suitable combinations and, if one of both partners is 
chiral, the development of enantioselective catalytic processes. 
Selected examples of the successful deployment of cooperative 
catalysis in organic synthesis comprise the preparation of chiral 
y-lactams from 7V-acyl hydrazones and a,f)-unsaturated alde- 
hydes [18], the enantioselective synthesis of cyclopentenes fi-om 



a,fl-unsaturated aldehydes and a,P-unsaturated ketones [19], 
and the preparation of cyclopentanes through the reaction of 
enals and p,y-unsaturated a-ketoesters [20]. 

Discussion 

Recently, Rovis et al. reported that the acetate anion 8 can 
deprotonate pentafluorophenyl triazolium salts 7 to give the free 
carbenes 5 and acetic acid 6, pointing to the peculiar conclu- 
sion that this carboxylic acid does not neutralize the carbenes 
(Scheme 3) [21]. Probably, the presence of the electron- with- 
drawing pentafluorophenyl group in carbene precursors 7 has an 
important effect on the basicity and thus on the overall reactiv- 
ity. In this way, the NHC and the conjugate acid can be present 
in sufficient quantities to promote a new form of cooperative 
catalysis. Further elaboration of this interesting observation led 
to the hypothesis that the combination of a pentafluorophenyl 
triazolium carbene 5 and a Brensted acid with low pK^ value 
may provide new opportunities for the design of reaction path- 
ways in which the carbene and the acid play different roles. The 
idea to use a very weak base in NHC catalysis has also been 
described by Bode et al., who showed that there is no need to 
add a base when employing azolium catalysts with more basic 
counterions [22]. 

As mentioned in the introduction, the reaction of NHCs with 
enals is known to produce homoenolates [13,14], which have 
found useful applications as vinylogous acyl anions toward the 
synthesis of different heterocycles. Nonetheless, enantioselect- 
ive control of homoenolates remained an important issue to be 
addressed, and this problem was tackled very recently by the 
group of T. Rovis [23]. Their important contribution to the field 
of organocatalysis originated from the hypothesis that the 
conjugate acid of the base used to generate a carbene could 
(partially) convert an imine 11 to the corresponding highly elec- 
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Scheme 3: The carbene + conjugate acid - azolium + base equilibrium. 
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Scheme 4: Formation of Breslow intermediates 10 and iminium salts 12 and ttieir use toward the synthesis of y-iactams 13. 



trophilic iminium salt 12, while the deployment of a chiral 
carbene 5 could lead to a means of controlling the stereochem- 
istry during the reaction of the in situ formed homoenolate 10 
with the activated iminium salt 12 to provide a new entry into 
the class of pyrrolidin-2-ones 13 (Scheme 4), which is poten- 
tially complementary to other methods in terms of stereochem- 
istry. However, the formation of lactones instead of lactams 
through the intervention of aldehydes as electrophiles could not 
be excluded in advance [16]. 

Application of this methodology indeed enabled the facile and 
stereoselective synthesis of ^rans-y-lactams 16 in a straightfor- 
ward manner (Scheme 5), which would not have been possible 
without cooperative catalysis. In a first attempt, this reaction 



was performed by using a rather strong base (KHMDS, Et^N) to 
deprotonate the carbene precursor, which led to the formation of 
a weak Bronsted acid with low yields and poor selectivities as a 
consequence. The use of weaker bases (carboxylates) resulted 
in stronger conjugate acids capable of activating imines 14, thus 
affording better overall yields. It should be noted that electron- 
rich carbenes have historically been used to catalyze homoeno- 
late chemistry rather than electron-poor catalysts such as 5. Op- 
timization of the temperature and the solvent led to an impro- 
ved stereoselectivity, and variation of the used acid led to im- 
proved yields. Finally, the most efficient fraws-y-lactam syn- 
thesis has been achieved using cyclohexyl-substituted carbene 
precursor 17 (20 mol %) and sodium o-chlorobenzoate (18, 
20 mol %) in the presence of molecular sieves at 0 °C and with 
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Scheme 5: Synthesis of frans-y-lactams 16 through NHC/Bronsted acid cooper^ 
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acrylonitrile as solvent (although in some cases CH2CI2 gave 
better results). Under these optimized conditions, the scope of 
the catalytic synthesis of ^raw-y-lactams 16 was further investi- 
gated through the use of a variety of aldimines 14 with different 
substitution patterns (R^ and R^). In every case, the product 16 
was shown to be formed in good yield and high diastereo- and 
enantioselectivity. A number of different enals 15 as suitable 
substrates has been explored as well (variation of R^), affording 
the trans -y -lactam products 16 in moderate to good yields and 
stereoselectivities. It is important to underline the fact that this 
approach provides an unprecedented trans selectivity in the syn- 
thesis of 4,5-disubstituted y-lactam systems. 

The occurrence of hydrogen-bonding intermediates 19 
(Figure 1) has been invoked to explain the reaction mechanism, 
and the phenomenon of hydrogen bonding in NHC catalysis has 
indeed been described before to account for improved stereose- 
lectivities [24-26]. 




Figure 1 : Proposed hydrogen-bonding intermediates 19 in the forma- 



Although the concept of cooperative catalysis involving NHCs 
had emerged previously in organic chemistry and the compati- 
bility of NHCs and Bronsted acids had been reported by Rovis 
in 2010 [27], the NHC/Bronsted acid cooperative catalytic 
system had not been described before. This recent work of 
Rovis clearly puts the concept of cooperative catalysis in a new 
perspective, showing that the use of Bronsted acids in combina- 
tion with NHCs provides a powerful approach toward the selec- 
tive synthesis of well-defined targets. 

Because of their interesting biological activities, their wide- 
spread occurrence in many natural products [28], and their 
broad synthetic utility, y-lactam ring systems have received 
considerable attention in organic chemistry. Recent strategies 
toward the construction of the y-lactam motif comprise f)-lactam 
to y-lactam ring expansions [29,30], aziridine ring openings fol- 
lowed by cyclization with enolates [31], palladium-catalyzed 
cyclizations [32], cycloadditions [33], multicomponent reac- 
tions [34], and even NHC catalysis [35,36]. Nevertheless, the 



methodology developed by Rovis indisputably represents an 
important breakthrough, providing an elegant alternative access 
to trans-y-lactams in a highly enantio- and diastereoselective 
way. 

Further elaboration and refinement of this methodology will 
certainly lead to a plethora of useful applications in the future. 
An issue to be addressed concerns the improvement of the effi- 
ciency of this catalytic process by lowering the catalyst load 
(20 mol % is too much). Another minor issue could relate to a 
limitation of the scope concerning the imines used in this work. 
Although the A^-arylimine substrates 14 have been described as 
"unactivated" (which is true as compared to, for example, 
AT-sulfonylimines), A'-arylimines are more reactive as compared 
to 7V-alkylimines. The question of whether or not 7V-alkylimines 
can be deployed successfully in this methodology deserves 
further elaboration, and may have certain implications with 
regard to the bioactivity of the corresponding iV-alkylpyrrolidin- 
2-ones due to a more basic nitrogen atom. In addition, it would 
be of interest to evaluate the preparation of NH y-lactams, for 
example through oxidative removal of a 4-methoxyphenyl 
group, which in turn may be valuable scaffolds in medicinal 
chemistry. Also the necessity of a,P-unsaturated imines as reac- 
tion partners has neither been evaluated nor discussed, and 
Ar-(arylmethylidcnc)amines and Ar-(alkyl-idene)amines should 
be evaluated as alternative imine substrates. Finally, further 
study of preliminary results regarding the use of achiral 
carbenes in combination with chiral (amino) acids could deliver 
functionalized y-lactams with high enantioselectivity as well. 

Conclusion 

In summary, the use of the A^-heterocyclic carbene/Bronsted 
acid system should be considered as a novel aspect of coopera- 
tive catalysis, providing new opportunities for research in this 
area. It is evident that further elaboration of this concept of 
cooperative catalysis holds promising prospects for asymmetric 
syntheses of valuable heterocyclic entities in a sustainable and 
elegant way. 

Acknowledgements 

The authors are indebted to Ghent University for financial 
support. 

References 

1. Fischer, E. O.; IVIaasbo!, A. Angew. Chem., Int Ed. Engl. 1964, 3, 580. 
doi: 1 0.1 002/anie. 1 96405801 

2. Arduengo, A. J., Ill; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991, 
113, 361. doi:10.1021/ja00001a054 

3. Igau, A.; Baceiredo, A.; Trinquier, G.; Bertrand, G. 
Angew. Chem., Int. Ed. Engl. 1989, 28, 621. 
doi:10.1002/anie.198906211 



401 



Beilstein J. Org. Chem. 2012, 8, 398-402. 



4. Hirano, K.; Piel, I.; Glorius, F. Chem. Lett. 2011, 40, 786. 
doi:10.1246/cl.201 1.786 

5. Nolan, S. P. Acc. Chem. Res. 2011, 44, 91. doi:10.1021/ar1000764 

6. Droge, T.; Glorius, F. Angew. Chem., Int. Ed. 2010, 49, 6940. 
doi:10.1002/anie.201001865 

7. Moore, J. L.; Rovis, T. Top. Curr. Chem. 2010, 291, 77. 
doi: 1 0. 1 007/1 28_2008_1 8 

8. Phillips, E. M.; Chan, A.; Scheldt, K. A. Aldrichimica Acta 2009, 42, 55. 

9. Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47, 1560. 
doi: 1 0. 1 002/anie.200604943 

10. Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606. 
dol:10.1021/cr068372z 

ll.Seebach, D. Angew. Chem., Int. Ed. Engl. 1979, 18, 239. 
doi:10.1002/anie.197902393 

12. Enders, D.; Breuer, K.; Teies, J. H. Helv. Chim. Acta 1996, 79, 1217. 
doi: 1 0. 1 002/hlca. 1 9960790427 

13. Burstein, C; Glorius, F. Angew. Chem., Int. Ed. 2004, 43, 6205. 
doi:10.1002/anie.200461572 

14.Sohn, S. S.; Rosen, E. L.; Bode, J. W. J. Am. Chem. Soc. 2004, 126, 
14370. doi:10.1021/ja044714b 

15. Nemoto, T.; Fukuda, T.; Hamada, Y. Tetrahedron Lett. 2006, 47, 4365. 
dol:10.1016/J.tetlet.2006.04.095 

See for one of the first reports on the combination of a metal and a 
carbene. 

16. Cohen, D. T.; Scheldt, K. A. Chem. Sci. 2012, 3, 53. 
doi:10.1039/c1sc00621e 

17. Patil, N. T. Angew. Chem., Int Ed. 2011, 50, 1759. 
doi:10.1002/anie.201006866 

18. Raup, D. E. A.; Cardinal-David, B.; Holte, D.; Scheldt, K. A. Nat. Chem. 
2010, 2, 766. dol:10.1038/nchem.727 

19. Cardinal-David, B.; Raup, D. E. A.; Scheidt, K. A. J. Am. Chem. Soc. 

2010, 132, 5345. doi:10.1021/ja910666n 

20. Cohen, D. T.; Cardinal-David, B.; Scheidt, K. A. Angew. Chem., Int. Ed. 

2011, 50, 1678. doi:10.1002/anie.201005908 

21. Lathrop, S. P.; Rovis, T. J. Am. Chem. Soc. 2009, 131, 13628. 
doi:10.1021/ja905342e 

22. Kaeobamrung, J.; Mahatthananchai, J.; Zheng, P.; Bode, J. W. 
J. Am. Chem. Soc. 2010, 132, 8810. doi:10.1021/ja103631u 

23. Zhao, X.; DiRocco, D. A.; Rovis, T. J. Am. Chem. Soc. 2011, 133, 
12466. doi:10.1021/Ja205714g 

24. Mennen, S. M.; Blank, J. T.; Tran-Dube, M. B.; Imbriglio, J. E.; 
Miller, S. J. Chem. Commun. 2005, 195. doi:10.1039/b414574g 

25. He, L.; Zhang, Y.-R.; Huang, X.-L.; Ye, S. Synthesis 2008, 2825. 
doi: 1 0.1 055/S-2008-1 06721 6 

26.0Toole, S. E.; Connon, S. J. Org. Biomol. Chem. 2009, 7, 3584. 
doi:10.1039/b908517c 

27. Vera, H. U.; Rovis, T. J. Am. Chem. Soc. 2010, 132, 2860. 
doi:10.1021/ia910281s 

28. Nay, B.; Riache, N.; Evanno, L. Nat. Prod. Rep. 2009, 26, 1044. 
doi:10.1039/b903905h 

29. Dekeukeleire, S.; D'hooghe, M.; De Kimpe, N. J. Org. Chem. 2009, 74, 
1644. doi:10.1021/jo802459j 

30. Alcalde, B.; Almendros, P.; Cabrero, G.; Callejo, R.; Ruiz, M. P.; 
Arno, M.; Domingo, L. R. Adv. Synth. CataL 2010, 352, 1688. 
doi: 1 0.1 002/adsc.201 0001 71 

31. Ghorai, M. K.; Tlwari, D. P. J. Org. Chem. 2010, 75, 6173. 
doi:10.1021/jo101004x 

32. Craig, D.; Hyland, C. J. T.; Ward, S. E. Chem. Commun. 2005, 3439. 
dol:10.1039/b504731e 



33. Romero, A.; Woerpel, K. A. Org. Lett. 2006, 8, 2127. 
doi:10.1021/ol060596g 

34. Lettan, R. B., II; Woodward, C. C; Scheldt, K. A. 

Angew. Chem., Int. Ed. 2008, 47, 2294. doi:10.1002/anie.200705229 

35. He, M.; Bode, J. W. Org. Lett. 2005, 7, 3131. doi:10.1021/ol051234w 

36. Rommel, M.; Fukuzumi, T.; Bode, J. W. J. Am. Chem. Soc. 2008, 130, 



17266. doi:10.1021/ja807937m 



License and Terms 

This is an Open Access article under the terms of the 
Creative Commons Attribution License 

( http://creativccommons.Org/licenses/by/2.0 ), which 
permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

The license is subject to the Beilstein Journal of Organic 
Chemistry terms and conditions: 
( http://www.beilstein-joumals.org/bjoc) 

The definitive version of this article is the electronic one 

which can be found at: 

doi:10.3762/bjoc.8.43 



402 



